gaseous bubbles and viscous losses. The acoustic energy transmitted to the medium manifests 150 as both kinetic energy (i.e. bulk motion) and thermal energy (i.e. heat). The kinetic energy 151 transmitted to the medium is dissipated as heat due to viscous losses (Tjøtta, 1999; Zisu et al., 152 2010).
153
In ultrasonic processes where the attenuation coefficient, β, is high (i.e. a high number 154 of ultrasonic cavitations) it can be assumed that the acoustic energy is rapidly converted to 155 thermal energy in the locus of the sonotrode tip, from which the acoustic waves emanate 156 (Lighthill, 1978) . The validity of this assumption is true for systems exhibiting high attenuation 157 coefficients where dissipation of acoustic energy occurs at the transducer, and additionally
158
where the kinetic energy disperses at the sonotrode tip. Chivate & Pandit, (1995) confirmed 159 that acoustic energy dissipates completely within close proximity of the sonotrode tip, 160 approximately 2 cm, and it was found that the majority of kinetic energy (> 80 %) is dissipated 161 in the form of thermal energy in a small volume (< 2 % of a 2 L batch volume) in the locus of 162 the transducer (Kumar et al., 2006; Kumaresan et al., 2006) .
163
Trujillo & Knoerzer, (2011a) employed a computational approach to investigate the 164 distribution of temperature in a batch ultrasonic process, as shown in Fig. 3. Fig. 3 highlights, 165 that there is a higher temperature in the immediate proximity of the sonotrode tip, owing to the 166 aforementioned cavitation mediated ultrasonic attenuation, which to a large extent, limits 167 transmission of energy from the sonotrode tip. 
Acoustic energy determination

169
The determination of the acoustic energy input into a volume of liquid is a topic under 170 investigation, however a satisfactory description of the solution has thus far to be elucidated, the acoustic intensity within the cavitational regime is dubious (Leighton, 1995; Margulis & 193 Margulis, 2003; O'Brien, 2007) .
194
The drawbacks associated with Eq. 1 are mitigated against by the usage of a 195 calorimetric method for the determination of absorbed energy (cf. Eq. 2), whereby the acoustic resistance term is neglected. The main assumption for the determination of acoustic energy via 197 calorimetry is that all absorbed acoustic energy is converted to thermal energy.
198
(2) = = ( )
199
Where P a is the absorbed acoustic power (W), S A is the surface area of the tip of the 200 transducer (cm 2 ; i.e. ultrasound emitting surface), m is the mass of ultrasound treated medium 201 (g), c p is the specific heat capacity of the medium (J/gK) and dT/dt is the rate of change of 202 temperature with respect to time, starting at t = 0 ( o C s -1 ). As energy emitted from the sonotrode 203 tip, it is absorbed within close proximity to the tip due to cavitational attenuation, the energy 204 is dissipated as heat, allowing for estimation of the acoustic energy absorbed without the 205 necessity to account for cavitation bubbles (i.e. the acoustic resistance term) (Jambrak et al., 206 2008; Margulis & Margulis, 2003) . 
Physicochemical alteration of food proteins via ultrasonic processing
208
From the literature, the application of ultrasonic treatment has been related to proteins 209 derived from dairy, animal, cereal, legume, tuber and fruit sources, see Table 1 . 
Dissolution effects of ultrasonic processing
211
Dissolution of powder ingredients is essential for functional utilisation within a given 212 formulation system, and depending upon the specific powder, its rehydration can be 213 challenging. Broadly, high protein systems are difficult to reconstitute, with certain protein 214 fractions exacerbating this, for example, casein-dominant high-protein content powders 215 (Crowley et al., 2015; O'Sullivan et al., 2017) . Upon addition of a powder to water, there are 216 5 stages in its complete dissolution, schematically represented in Fig. 4 for a high-protein dairy 217 powder: (1) Wetting, (2) Swelling, (3) Sinking, (4) Dispersion and (5) Dissolution (Crowley et 218 al., 2016) . The key stages where power ultrasound could affect the rehydration process is that of dispersion, the fragmentation of wetted powder particles, and dissolution, the complete 220 breakdown of granular structure and release of constituent molecules (Vos et al., 2016) .
221
Ultrasound treatment offers improved rates of dissolution and solubilisation of poorly 222 soluble dairy protein powders in comparison to conventional dissolution methodologies (i.e.
223
low/high shear mixing or high pressure homogenisation) McCarthy 224 et al., 2014; . McCarthy et al., (2014) species (~200 nm) (Madadlou, et al., 2009; McCarthy, et al., 2014; Shanmugam, et al., 2012; 250 Yanjun, et al., 2014; Zisu, et al., 2010) , the expected size for casein micelles (O'Connell & 251 Flynn, 2007) . This size reduction is attributed to the high shear forces associated with ultrasonic 252 cavitations in liquid mediums (Trujillo & Knoerzer, 2011) . Be that as it may, prolonged 253 ultrasound treatment led to growth in aggregate size toward the micron-scale, related to whey-254 whey or casein-whey protein interactions as a consequence of both protein denaturation and 255 deceased solubility attributed to elevated temperatures from ultrasound treatment (McCarthy, 256 et al., 2014; Shanmugam, et al., 2012) . Sonication of whey protein (suspensions, concentrates, 257 isolates, and from retentate) similarly reduced the size of protein aggregates due to disruption 258 of non-covalent interactions, to sizes ~100 nm (i.e. hydrogen bonding, hydrophobic and 259 electrostatic interactions) Chandrapala, et al., 2011; Jambrak, et al., 2014; 260 Martini, et al., 2010; Zisu, et al., 2010) , yet similarly displayed growth of particle size 261 attributed to increases in temperature, resulting in protein denaturation and aggregation 262 (Gülseren, et al., 2007) .
263
Furthermore, the ultrasound treatment of proteins derived from legume sources (pea 264 protein, soy protein, black bean protein and mung bean protein) and wheat protein displayed a 265 significant reduction in aggregate size (> 20 µm) to entities which were submicron (~200 nm), 266 thus enhancing the solubility of traditionally poorly soluble plant protein solutions 267 (Charoensuk, et al., 2014; Jiang, et al., 2014; O'Sullivan, Murray, et al., 2016; O'Sullivan, Park, et al., 2016b; Zhang, et al., 2011) . However, ultrasound 269 treatment of egg white proteins Krise, 2011) O'Sullivan, Park, et al., 2016a; Ren, et al., 2015) . Size reduction of protein concentrate , whey protein suspensions (Martini, et al., 2010) , soy protein 286 isolate (Hu, et al., 2013) , pea protein isolate , wheat gluten 287 , black bean protein isolate (Jiang et al., 2014) , potato protein isolate and egg white 289 protein (Krise, 2011) , as ultrasound treatment provides insufficient energy to cause scission of 290 the primary acid sequence (i.e., peptide bond). Krise, (2011) observed a minor shift in the 291 molecular weight distribution of egg white protein and attributed this to scission of disulphide 292 bonds between cysteine residues present in egg white protein (Mine, 2002) . The bond energy associated with the disulphide bond is less than that of the peptide bond maintaining the 294 primary structure of proteins (cf . Table 2) , nevertheless, the majority of ultrasonic energy is 295 utilised in the disruption of the associative non-covalent interactions maintaining the protein 296 associate structure, rather than disruption of covalent linkages. However, a significant 297 reduction in the molecular weight of α-lactalbumin (Jambrak, et al., 2010) and whey protein 298 concentrate/isolate (Jambrak, et al., 2014) , generating peptide species possessing molecular 299 weights within a range of 4.5 to 8 kDa, was observed from pixel intensity plots generated from 300 SDS-PAGE gels. Based on the acoustic intensity provided in both of these trials, the maximum 301 and minimum of which were 1 W cm -2 and 48 W cm -2 , respectively, insufficient energy is 
Viscosity effects of ultrasonic processing
309
Sonication of protein solutions has been shown to either reduce the bulk viscosity, in 310 the cases of calcium caseinate , milk protein concentrate (Yanjun, et al., 311 2014; Zisu, et al., 2010) , whey protein from retentate , soy protein isolate 312 (Hu, et al., 2013) and egg white protein , or to yield no difference in bulk 313 viscosity, as for skimmed milk powder (Shanmugam, et al., 2012) and α-lactalbumin (Jambrak, 314 et al., 2010) . For the case of soy protein, a reduction from 1 to 0.2 Pa.s at a shear rate of 100 315 s -1 and concentration of 12.5 wt. % was observed (Hu, et al., 2013) ultrasound treated bovine gelatin were stable throughout a 28 day stability study, whereas their 337 untreated counterparts were unstable at concentrations < 1 wt. %, leading to growth in emulsion 338 droplet size.
339
These improvements in emulsion formation and stability for ultrasound treated proteins 340 were associated with increases in hydrophobicity, which occurred as hydrophobic protein 341 residues within the interior of the untreated aggregate became revealed upon treatment with protein isolate which is associated to an increase in the hydrophobicity of proteins (Khan, et 345 al., 2012) , accounting for the observed enhancements in emulsion formation and stability in 346 this instance. In addition, ultrasound treatment of whey protein Gülseren, 347 et al., 2007) , soy protein Hu, et al., 2013) , black bean protein (Jiang, et 348 al., 2014) and egg white protein and soy protein isolate (Chen, et al., 2012) , further Fig. 5a ) to smaller fibrils (cf. Fig. 5b ), whereby this reduction in fibre size 360 of bovine gelatin after sonication allowed for improved packing at the oil-water interface (cf. the capacity for ultrasound to modify the rheological behaviour (i.e., reduction in bulk 366 viscosity) of these proteins at pilot scale and was attributed to a reduction in protein aggregate 367 size . This work highlights the potential applicability of ultrasound for the functional modification of proteins at larger scales, whilst more work is required to fully 369 implement this technology industrially (Gogate & Kabadi, 2009; Gogate, et al., 2011) . formulations have yet to be fully explored. Shanmugam, et al., 2012; Tang, et al., 2013) . Similarly increasing the residence time of 390 emulsions for continuous processing, by decreasing the flow rate, decreases emulsion droplet 391 size (Behrend, et al., 2000; Behrend & Schubert, 2001; Freitas, et al., 2006; Kentish, et al., both configurations, nano-sized emulsion droplets (~200 nm) were achieved. Nevertheless, 394 prolonged residence time within the acoustic field can lead to growth in droplet size due to re-395 coalescence of emulsion droplets (i.e. over processing) in systems possessing insufficient 396 emulsifier (Jafari, et al., 2008; O'Sullivan, Murray, et al., 2015; O'Sullivan & Norton, 2016) .
397
Despite the size reduction of emulsion droplets as a function of increasing residence 398 time, the same trend is not observed when considering droplet size distribution (DSD).
399
Typically, the DSD initially increases as a function of ultrasonic processing time, followed by 400 a decrease (Abismaıl et al., 1999; Leong et al., 2009 ). This behaviour is more pronounced for within close proximity of the tip (Kumar, et al., 2006; Kumaresan, et al., 2006) . These 411 ultrasonically induced implosions from cavitations result in the disruption of micron-sized oil 412 droplets (> 50 μm) and facilitate the formation of nano-sized emulsion droplets (~200 nm).
413
Batch processing of emulsions utilising ultrasound is often inefficient due to the nature of the 414 emulsification process, whereby less than 2 % of the medium of a given volume experiences 415 acoustic energy due to acoustic attenuation (Kumar, et al., 2006; Kumaresan, et al., 2006) , and (Freitas, et al., 2006; Kentish, et al., 2008; O'Sullivan, Murray, et al., 2015; 434 O'Sullivan & Norton, 2016; Tang, et al., 2013) .
435
The rate of droplet breakup can be improved by increasing the acoustic power 436 transmitted to the coarse emulsion for both batch processing (Abismaıl, et al., 1999; Cucheval 437 & Chow, 2008; Delmas, et al., 2011; Higgins & Skauen, 1972; Kaltsa, et al., 2013; O'Sullivan, 438 Murray, et al., 2015; O'Sullivan & Norton, 2016) and continuous processing configurations 439 (Freitas, et al., 2006; O'Sullivan, Murray, et al., 2015; O'Sullivan & Norton, 2016) . However wt. % Tween 80, the achieved droplet sizes were 1 µm and 150 nm, respectively, highlighting that sufficient emulsifier is necessary to achieve nano-sized emulsion droplets (O'Sullivan, required to achieve the minimum droplet size, dictated by emulsion formulation.
446
The resultant droplet size of emulsions fabricated via ultrasonic processes is dictated 447 by the formulation of the emulsion (i.e. emulsifier type and concentration, dispersed phase type 448 and volume fraction, presence of stabilisers, etc.), whilst the processing parameters determine 449 the rate at which the resultant droplet is formed (Jafari, et al., 2007) . The majority of studies 450 conducted utilise model emulsifier systems (i.e. low molecular weight surfactants), whereby a 451 high degree of purity can be guaranteed. These surfactants include Tween 40 (Kentish, et al., 452 2008), Tween 60 (Abismaıl, et al., 1999 ), Tween 80 (O'Sullivan, Murray, et al., 2015 and 453 Span 80 (Leong, et al., 2009) . Increasing the emulsifier concentration decreases the droplet 454 size to a minimum size given optimal processing conditions to achieve the minimal droplet proteins, and the efficient fabrication of emulsions, both acting through ultrasonic cavitations.
470
However, to the author's knowledge, only one study is available comparing the effects of 471 ultrasonic processing upon protein functionality as an emulsifier for pre-(i.e., unadsorbed) and 472 post-emulsification (i.e., interfacial) . Milk protein isolate 473 and pea protein isolate were employed as the emulsifying agents in this study, and emulsions counterparts, yet no significant differences were observed between ultrasound treated pea 481 protein pre-and post-emulsification, attributed to the highly aggregated nature of pea protein 482 in comparison to that of milk protein isolate . The aggregated 483 nature of pea protein, which is also typically observed in other plant derived protein ingredients 484 upon solubilisation, is associated with a combination of isolation of the proteins components 485 from the initial raw material and subsequent dehydration to produce a powder, yielding systems 486 with hydrophobic exteriors and hydrophilic interiors (Boye, et al., 2010; O'Sullivan, Murray, 487 et al., 2016) .
488
From an industrial perspective, the most practical method for the implementation of 489 ultrasound within a production environment is the continuous processing configuration, welded to the steel jacket (cf. Fig. 7c, d ). Additionally the space in between the jacket and the 497 glass tube, through which the medium passed, contained pressurised water which behaved as 498 an acoustic conductor. This methodology prevents direct contact of the sonotrode with the 499 medium being processed, hence removing the potential for contamination from ultrasonic 500 pitting. Nevertheless, a fundamental understanding of energy transfer through the acoustic 501 medium needs to elucidated. O'Sullivan, Murray, et al., (2015) compared the effect of 502 continuous processing at both lab and pilot scale, demonstrating that the pilot scale continuous 503 configuration is dependent upon the ultrasonic amplitude (i.e. acoustic power), unlike the lab 504 scale, due to bypassing of elements of pre-emulsion from the acoustic field at lower ultrasonic 505 amplitudes, highlighting the necessity for optimisation of processing conditions at larger scales 506 to efficiently achieve nanoemulsions.
507
The design of conventional continuous configurations is under investigation and 508 continual development (Gogate et al., 2011 (Gogate et al., , 2003 . The primary design criteria for the 509 development of continuous ultrasonic processes are the operating conditions (i.e. acoustic 510 power and processing time) and geometric parameters (sonotrode location, chamber volume, 511 tip location within the chamber, etc.). Be that as it may, several other factors must be taken into 512 consideration during the development and design of continuous ultrasonic systems: such as the 513 hydrodynamic conditions within the acoustic field, variance due to the presence of discrete 514 entities within the liquid medium (i.e. gaseous bubbles, immiscible liquid droplets, solid 515 particles or high molecular weight biopolymers), the degree of acoustic attenuation chiefly due 516 to the non-homogenous nature of food systems, and ratio of frequency irradiation to power 517 dissipation within the locus of the tip of the sonotrode (Gogate et al., 2011 (Gogate et al., , 2003 . 
